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ELECTRON COLLISION CROSS SECTIONS IN METAL VAPORS 

by 

J. F, Nolan 

I 

I ABSTRACT 

I The Townsenda coefficient has been measured in potassium-helium 
~ mixtures as a function of E/p, the ratio of electric field to total pressure, 
l and %/NHe, the ratio of potassium to helium density. By comparing the measured 
I values with the results of a numerical solution of the Boltzmann equation, one 

obtains cross sections consistent with the measurements. A total excitation 
cross section for potassium having a peak value of 1.0 x 10'14cm2 at 10 eV gives 
good agreement with experiment. 
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Measurements of the Townsenda coefficient have been made in 

potassium-helium mixtures of various concentrations as a function of E/p, the 
ratio of the applied electric field to the total pressure, and also as a function 

of %/NHe, the ratio of potassium to helium density. 
behavior of transport coefficients as a function of E/p, it is possible 
to deduce the collision cross section for electrons in the gas mixture as a 
function of electron energy. The analysis involves a numerical solution 
of the Boltzmann transport equation, so that no a priori assumptions about 
the shape of the electron energy distribution function are required. 

low density ratios (NK/NHe < 10 
in pure helium at low E/p, indicating that elastic collisions between electrons 
and potassium atoms do not have a significant effect. However, the Townsenda 
coefficient is appreciably larger than in pure helium, indicating that inelastic 
collisions with potassium atoms are important even at these low density ratios. 
The Townsenda coefficient data have been analyzed to give a total excitation 
cross section for potassium consistent with these measurements and with previous 
measurements of the potassium ionization cross section. An excitation cross 
section with a peak value of 1.0 x 10'14cm2 at 10 eV gives good agreement with 
the experiments. Calculations indicate that at higher density ratios, elastic 
collisions between electrons and alkali metal atoms should cause the drift 
velocity to depart significantly from the value characteristic of pure helium; 
attempts to measure the drift velocity in cesium under these calculations were 
made, but the data could not be analyzed due to experimental difficulties. 

From an analysis of the 

For 
-4  ), the drift velocity is the same as that 
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I. INTRODUCTION 

Electron swarm techniques have proven to be quite useful for obtaining 
electron-atom collision cross sections at low energies. 
this laboratory have yielded the cross section for electron-cesium atom inelastic 
collisions. lS2 
the extension of the cross section measurements to potassium. 

Recent measurements in 

The present report describes the continuation of this work and 

In general, the present method of obtaining cross sections involves the 

measurement of some transport coefficient for electrons under the influence of 
an applied electric field in a gas at high pressure. 
coefficients are the electron drift velocity and Townsenda coefficient. 
quantities are measured as a function of E/p, the ratio of applied electric field 
t o  gas pressure. For a given value of E/p, the electrons have. a relatively broad 
distribution in energy; i.e., the spread in energy is comparable to the mean energy. 
This results in the fact that the transport coefficient depends on the collision 
cross section through an average over the electron energy distribution function. 
Consequently in order to obtain the czoss section as a function of energy, it is 

necessary to !mow the shape of the electron energy distribution function. This is 
accomplished through a numerical solution of the Boltzmann transport equation. 

Typical examples of transport 
These 

The measurements described in the present work were carried out in 
mixtures of potaasium and helium. 
cross section by making measurements in pure potassium vapor at high pressures. 
Unr..n..ar .."ncrrL, in practice scch zzessurs~ez+a i r e  extremply difficult because of the 

corrosive properties of alkali metal vapors, particularly on 'electrical 
insulators. 
which the alkali is a minor constituent. 
because the cross sections for electron-helium collisions are well known. 

In principle one could obtain the potassium 

These difficulties can be minimized by working with mixtures in 
Helium is used as the najor constituent 
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11. APPARATUS 

The vacuum system used for these measurements is similar to that 
2 employed previously . Fig. 1 shows a schematic drawing of the system. The 

measurements are made in the drift tube, which is contained in the main oven. 
The portion of the syetem inside the main oven (and extending for a short 
distance outside the main oven) is fabricated of stainless steel; typically, 
this part of the system operates at /v3OO0C. The portion of the system outside 
the oven is constructed mainly of glass; except for initial bake-out, this part 
of the system operates at room temperature. The vacuum system is provided with 
a Bayard-Alpert ionization gauge for measuring the pressure of the residual 
vacuum, a null indicating capacitance manometer for measuring high pressures 
(> 1 Torr), and a supply of high purity helium. 

Before the alkali metal is introduced into the system, the entire system 
is baked out at-400°C for about 24 hours to insure a low background pressure. 
Typically, the background pressure is 2 x lo" Torr, with a rate of rise of 
2 x lo" Torr/min. with the system valved off from the pumps, 
residual vacuum has been obtained the alkali metal is introduced into the system., 
Under normal operation the alkali metal is contained in the liquid metal reservoir 
(shown in Fig. 1). 
extending down from the drift tube and closed off at the lower end. 
extends through the base of the main oven into a separate oven, designated the 
reservoir oven in Fig. 1. The temperature of the reservoir oven determines the 
aiitaii vapor pressure in the drift tube. Tihe temperature or' the reservoir oven 
is always less than that of the main oven. 

When a good 

The reservoir consists of a length of stainless steel tubing 
The reservoir 

The mechanism for initial introduction of the alkali metal into the 
system has been modified from that used in the past. 
contained in a glass ampule and was admitted to the system by breaking the ampule; 

Previously the alkali was 
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in the present version the alkali is contained in a metal ampule and is admitted 
to the system by rupturing a thin diaphragm in the metal ampule. 
necessary to prevent the alkali from being destroyed in a chemical reaction with 
the glass at high temperatures. 
in Fig. 2. 

long by 0,705 inches O.D., closed off at the bottom end. 
the closed off end consists of a thin stainless steel diaphragm (0.005 inches 
thick). 
cylinder; the alkali metal is transferred from the glass ampule supplied by the 
manufacturer to the metal ampule through the Kovar tubing. 
has been filled, the Kovar tube is pinched-off to give a vacuum-tight seal. 
pinch-off, the seal is welded to prevent the pinch-off seal from opening up at 
high temperatures. 
the metal ampule is also equipped with a supply of helium gas. 
has been transferred to the metal ampule, helium is admitted to the system to a 
pressure of several Torr. The reason for this is that after the Kovar has been 
pinched-off and welded, the seal can be checked with a helium leak detector to 
see if any helium is leaking out; if no helium leaks out with the other side 
evacuated, than the pinch-off seal is vacuum tight. 
into the system by forcing the thin diaphragm in the metal ampule against a 
sharp Inconel spike. This motion is made possible by a bellows arrangement in 
the vacuum wall of the outer stainless steel cylinder. 
pierced the reservoir tube is cooled to a temperature lower than that of any 
other part of the system so that the alkali metal will condense into the reservoir. 
The path from the ampule to the alkali reservoir is down hill, so that the 
transfer of the alkali metal is assisted by gravity. 

This change was 

A schematic drawing of the metal ampule is shown 
It consists of a stainless steel cylindrical container 3-3/4 inches 

The central section of 

A 3/16 inch O.D. Kovar tube leads away from the upper end of the 

When the metal ampule 
kfter 

The system used for transferring the alkali from the glass to 
After the alkali 

The alkali is introduced 

When the diaphragm is 
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The main elements in the drift tube are two parallel plate electrodes 
made of Advance (nickel-copper alloy). One of the electrodes has a guard ring 
around the outside to ensure that the applied electric field is uniform in the 
central region. 
which shows a photograph of the electrode region of the drift tube. 
fields are applied by applying a voltage to the unguarded electrode (hereafter 
called the cathode). Currents are measured to the central disc of the guarded 
electrode (hereafter called the anode). 
can be continuously varied between 0.05 and 1 cm through a bellows arrangement 
in the vacuum wall. The materials used for electrical insulation in the drift 
tube were single crystal sapphire and high purity polycrystalline aluminum oxide. 

The split structure of this electrode may be seen in Fig. 3, 
Electric 

The spacing between the two electrodes 

The electronic circuitry required for measurements of the Townsenda, 
coefficient is quite simple. A regulated dc voltage supply is connected between 
the cathode and ground. The anode is always very nearly at ground potential, so 
the applied field is given by the applied voltage divided by the spacing between 
electrodes, provided that the current level is low enough so that space charge 
distortion of the applied field is negligible. 
of providing voltages up to 1000 volts. 

the measurements are made, the breakdown voltage to the gap is always less than 
1000 volts, so that the largest value of the voltage applied is determined by 
the breakdown characteristics of the gap. 
depends on the electrode spacing and the potassium and helium pressure, it changes 
as these parameters are varied. 

The voltage supply is capable 

However, for the conditions under which 

Since the value of the breakdown voltage 

A typical value is 250 volts. 
The anode current is determined by nsiisiirii~~ the voltage developed across 

a known precision load resistor connected between the anode and ground. This 
voltage is always less than a few millivolts, and is usually in the microvolt 
region. Since the applied voltage is always greater than 1 volt, the anode may 

be considered to be at ground potential for purposes of calculating the applied 
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-11 field. The current measured at the anode is in the range 10 to Amperes. 

111. METHOD OF MEASUREMENT AND RESULTS 

For a uniform dc electric field applied between parallel plates, 
3 the prebreakdown current as a function of distance is given by 

Io expa (x-x,) 
I (x) = 1 - (exp a (x-xo) - 1) 

where Io is the initial current at x = 0, x is the distance from the electrode 
which acts as a current source, x 

must travel before an equilibrium velocity distribution is attained, 
generalized coefficient referring to electron production due to secondary 
processes, anda is the Townsenda coefficient. 
mean free path and, for the high pressures used in the present measurements, 
may be safely taken as zero. If, in addition, secondary processes are not 
important, the above reduces to 

is related to the distance which electrons 
0 

is a 

xo is related to the electron 

so that (r may be obtained by measuring I/Io as a function of X. 
one may determine whether or not secondary processes are important by plotting 
In (I/Io) versus X. If secondary effects are important, the curves will bend 

upward; if not, straight lines will be obtained. 

Experimentally, 
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In the present case the initial current is supplied by thermionic 
emission from the potassium coated electrodes at the equilibrium temperature of 
the tube (N 30OOC). Since both electrodes are emitting, the prebreakdown 
current may be observed in either direction simply by reversing the polarity 
of the applied voltage. The initial current, Io, cannot be measured directly, 
but it may be obtained by indirect methods described elsewhere. 294 

For a given value of E/p the variation of the current with inter- 
electrode spacing is given by Eqo (2) ( or by Eq. (1) if secondary processes are 
not negligible). 
have the same form, but will be characterized by a different value ofa. 
object is to measurea as a function of E/p by observing the variation of 4n 
(I (x)/Io) with x for different values of E/p. The value of a obtained will 
depend on the helium pressure and the potassium pressure in the drift tube, and 
in evaluating the data it is necessary to know these pressures. Since in these 
measurements the ratio of potassium pressure to helium pressure is small 

As E/p is changed the variation of current with distance will 
The 

or less), the helium pressure is equal to the total pressure to a good 
The helium pressure is obtained from the measurement of the total approximation. 

pressure with the capacitance manometer. 
out over a range of gas temperatures, it is desirable to normalize the pressure 
to the equivalent pressure at some standard temperature. 
3OO0K is chosen as the standard temperature and all pressure measurements are 
converted to P300, the equivalent pressure at 3OO0K, 
given by 

Since the measurements are carried 

In the present work, 

The equivalent pressure is 

where pT is the pressure measured at temperature T OK, The gas density is given 

by 

16 N = 3.22 x 10 P300 (4) 
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-3 where N is in cm 
calculated from the expression given by Nesmeyanov 

and P300 is in Torr, The potassium vapor pressure was 
5 

loglo P = 13.83624 - 4857.90/1 + 0,000349401 - 2.21542 loglo T (5) 

where p is the vapor pressure in Torr and T is the temperature of the reservoir 
in K. 0 

The procedure used in obtaining a mixture was to admit helium 
to the desired pressure, set the reservoir temperature to give the desired 
potassium pressure, and close the isolating valve (Fig. 1). 
valve closed, the vapor pressure of potassium in the drift tube at equilibrium 
is determined by the reservoir temperature; ioe. it is given by Eq. (5). To make 
sure that the measurements are characteristic of an equilibrium mixture, thea 
coefficient is measured as a function of time after closing the isolating valve, 
The measurements presented here are the long-time, equilibrium values. 

The procedure used in measuring thea coefficient was to measure the 
current ratio, I / I ~ ~  for several values of electrode spacing for a given value of 

E/p. 
measurements are presented as a function of E/p300y where p300 is given by 
Eq. (3) and E = V/d, where V is the applied voltage and d is the spacing between 
electrodes, 
that space charge fields are negligible compared to the applied field. 
point was checked by measuring thea coefficient as a function of the initial 
current, I all other parameters being held constanto If space charge effects 
are not negligible, the value obtained fora will depend on the initial currento 
Space charge effects were negligible for the results presented here, 

With the isolating 

This was then repeated for other values of E/p, The results of the 

In taking measurements one must be sure that the current is small enough 
This 

0 )  
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Fig. 4 shows the results obtained f o r ~ / p ~ ~ ~  as a function of E/p300 
for a potassium-helium mixture with a total normalized pressure of p300 = 

-5 and a density ratio NK/NHe = 2.11 x 10 
measurements; the curve represents the values of a/p300 calculated on the basis 
of an assumed potassium excitation cross section. Also shown is the calculated 
contribution of Penning effect ionization to thea coefficient. These calculations 
are discussed in the next section. 
in Fig. 4 represent the probable error calculated from five different measurements 
on five separate days. 

365 Torr, 
The points represent experimental 

The error bars for the experimental points 

In addition to the measurements in potassium-helium mixtures 
described above, some measurements were also made in cesium-helium mixtures. 
The electron drift velocity was measured in the E/psoo range 0.02 to 0.3 volts/ 
cm-torr, using the same technique as described previously.2 Data was obtained 
for a mixture with a helium pressure of 148.6 Torr and with a cesium reservoir 
temperature of 562OK, which corresponds to a cesium vapor pressure of 1.41 Torr. 
The calculated density ratio for this mixture is NCs/NHe = 9.50 x 

is large enough so that the drift velocity should be significantly smaller (by 
a factor of two or more) than that characteristic of pure helium, because of the 
effect of elastic electron-cesium collisions. However, the results of drift 
velocity measurements in this mixture agreed quite accurately with the known 
drift velocity in pure helium. 
the system was dismantled and it was found that there was no cesium in the 
reservoir. 

fiis 

This surprising result was later understood when 

Most of the cesium was destroyed by chemical reaction with the glass 
----l- .--- > e,, aupuic UE)=U LUA iiiiti~: i i i t r d i t t i ~ n  ~f the alkali i n t ~  the ~ y s t m .  C ~ z ~ e ~ ~ e n t l g  

the density ratio for the mixture was significantly less than the value 9.50 x 
calculated from the reservoir temperature. The measurements referred to above 
were thus at some lower, unknown density ratio and it is not surprising that they 
agree with the pure helium drift velocity. 
desired, these measurements gave no new information on the electron-cesium 

momentum transfer cross section. They did indicate the necessity of modifying the 
system such that no glass comes in contact with the alkali metal at high 
temperatures (> 350°C). 

Since the density ratio was lower than 

This was the reason for changing to the metal ampule 
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described above. 
no problems involving loss of alkali by chemical reaction have been encountered. 

Since the glass ampule has been replaced by the metal ampule, 

IV. ANALYSIS OF DATA 

The analysis of the data in the present case is similar to that 
2 presented previously 

detail. It is desired to obtain the potassium excitation cross section as a 
function of electron energy from the measureuents of the Townaenda coefficient 
as a function of E/pSo0. 
through an average over the electron energy distribution function, it is necessary 
to know the form of the distribution function to obtain the cross section. The 
problem is that one does not know, =priori, the form of the distribution function 
since this depends, in part, on the cross section one is attempting to find. The 
procedure followed is to assume an excitation cross section, with proper threshold, 
as a function of electron energy and to use this cross section in obtaining a 
numerical solution of the Boltzmann equation. 
appropriate to the assumed cross section, so that the Townsenda coefficient can 
then be calculated as a function of E/p. This calculateda coefficient is then 
compared to the experimental values, and the input cross section is adjusted in 

magnitude and shape until the calculated and experimental a coefficients agree. 
This allows one to obtain a cross section which is consistent with the experimental 
results. 

rapid changes with energy in the cross section curve will be at least partially 
averaged out because of the relatively large spread in the electron energy 

distribution. 

and will only be outlined here, without going into great 

Since thea coefficient depends on the cross section 

This gives the distribution function 

The final cross section obtained in this way is not unique in that 
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For E/p300 less than 2.0 Volts/cm-Torr, inelastic collisions involving 
helium may be neglected and this range of E/p300 one need consider only inelastic 
collisions with potassium and elastic collisions with helium. Because of the low 
potassium to helium density ratios, elastic collisions’with potassium may be 
negle~ted.~ Thus, for E/p300 less than 2.0 Volts/cm-Torr, the Townsend 
coefficient depends on three cross sections: 
cross section, the electron-potassium ionization cross section, and the electron- 
potassium excitation cross section. If two of these are known, the third may be 
obtained by the method outlined above. 
momentum transfer cross section and the potassium ionization cross section are 
taken to be known, and the measurements are used to determine the potassium 
excitation cross section. The helium momentum transfer cross section used in the 
analysis is taken from the work of Frost and Phelps.6 
potassium ionization cross section used is shown in Fig. 5b. The energy dependence 
of this cross section is based on the measurements of Tate and Smith.7 
absolute value is taken to be 8,O x 10’16cm2 at the maximum of the cross section; 

8 this value is based on the work of McFarland and Kinney, who report a maximum 
cross section of 8.2 x 10’16cm2. The potassium excitation cross section which 
gives best agreement with the present measurements is shown as the solid curve 
in Fig. 4; it is seen that the agreement with the measured values is good. 

the electron-helium momentum-transfer 

In the present analysis the helium 

See Figure Sa. The 

The 

For E/,p300 greater than 2.0 Volts/cm-Torr there is a contribution to the 
a! coefficient from Penning effect ionization; ioee, metastable helium atoms are 
formed by electron impact and some of these metastables give up their excitation 
energy to ionize potassium atoms on collision. 
ionization to the a coefficient is shown in Fig. 4, 
with experiment is obtained if it is assumed khat 70% of the helium metastables 
formed are destroyed by Penning effect collisions. 
effect ionization, it is necessary to know the excitation and ionization 
cross sections. The helium excitation cross section used is based on the 
measurements of Maier-Leibnitz,’ and the helium ionization cross section is taken 

The contribution of Penning effect 
It is seen that good agreement 

In calculating the Penning 
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10 from Smith. 
Examples of calculated electron energy distribution functions are shown 

It will be seen that the actual distribution in Fig. 7 for two values of E/p300. 
function falls off more rapidly with energy than does a Maxwellian distribution 
function. 

DISCUSS ION 

The total potassium excitation cross section obtained in the present 
work may be compared with two recent measurements of the cross section for 
4s-4P excitation as determined by optical techniques. It is expected that for 
potassium the cross section for 4s-4P excitation will be large compareid to the 
cross section for excitation to higher states, so that the 4s-4P cross section 
should be nearly equal to the total excitation cross section. The reasons 
for this are the same as those previously advanced for the case of cesium. 1 

The cross section for 4s-4P excitation in potassium has been measured 
by Volkova and Devyatov,ll and by Zapesochnyi and Shimon.12 Fig. 8 gives a 
comparison of the results of these measurements with the present results. 
Volkova and Devyatov measured separate cross sections for the two components 
of the doublet, 
4 P 3 l 2  states. 
these two cross 
present work is 
case in cesium, 

i.e. for excitation from the ground state to the 4 P 
The curve labeled Volkova and Devyatov in Fig. 8 is the sum of 
sectionso It is seen that the cross section derived from the 
larger than that found by Zapeeochnyi and Shimon, as was the 
and is smaller than that found by Volkova and Devyatov. 

and 
1/2 
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A theoretical calculation of the potassium excitation cross section 
has been reported by Vainshtein, et a d 3  This theoretical cross section is 
compared with the present experimental results in Fig. 10. 

the curve of Vainshtein, et al. lies considerable below the experimental curve. 
This was also the case for the cesium excitation cross section. 

It is seen that 
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Figure Captions 

I 

I 

I 

Fig. 1 Schematic diagram of vacuum system 

Fig. 2 Metal ampule used for introduction of alkali metal into system. 
The thin stainless steel diaphragm is pierced by a sharp inconel spike 
(not shown). 

Fig. 3 Detail of electrode region of drift tube, showing split structure of 
electrode. Currents are measured to the central disc; the outer 
guard ring is used to maintain uniformity of the applied electric field 
in the central region. 

-5 Fig. 4 a/p300 versus E/p300 for = 2.11 x 10 . The points are 
experimental measurements. 
using the potassium excitation cross section shown in Fig. 6. 

The curve labeled "direct" is calculated 

Fig. 5a Momentum transfer cross section for electrons in helium. 

Fig. 5b Potassium ionization cross section used in the analysis of the data. 
This cross section is based on references 7 and 80 

~ 

Fig. 6 Potassium excitation cross section obtained from the present measurements. 

, Fig. 7 Electron energy distribution functions for two values of E/p300. 
shown for comparison is a Maxwellian distribution function (dotted curve) 

with a peak energy equal to that of the calculated distribution function 
I? -.. v l  I- .) n TI 2 L .  I - - - V ~ - -  

Also 
I 
1 
I 
1 

Lor 300 - - -8.V V ~ A L ~ / C . Y L - A U A L .  

I Fig. 8 Comparison of the total potassium excitation cross section derived from 
I 

i (reference 12). 

I Fig. 9 Comparison of the theoretical cross section for 4s-4P potassium 

the present work with the cross section for 4S-4P excitation as found by 
Volkova and Devyatov (reference 11) and by Zapesochnyi and Shimon 

t 
I 

excitation as found by Vainshtein et a1 (reference 13) with the present 
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Fig. 2 

Dwg. 851A959 
To Glass System for 

In i t ia l  Filling of 
Metal Ampule 

Kovar Tubing is Pinched Off 
Here After Alkali Metal Has 
Been Transferred to Metal 

Ampule 

0.005" Diaphragm 

Metal ampule used for introduction of alkali metal into system. 
The thin stainless steel diaphragm is pierced by a sharp inconel spike 
(not shown). 
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Fig. 3 Detai l  of electrode region of dr i f t  tube, showing s p l i t  structure of 

electrode. 

guard ring is  used t o  maintain uniformity of the applied e lectr ic  f i e l d  

i n  the central region. 

Currents are measured to  the central disc; the outer 
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Fig. 5a Momentum transfer cross section for electrons in helium. 
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